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Abstract 
O-ring type seals are the most commonly used seals worldwide. In spite of possible consequences (e.g. leakage and total machine failure) of a 
damaged seal-ring due to mechanical overstraining during the assembly process, detailed process expertise is barely existent. The aim of this 
contribution is to establish a basic understanding for the complex processes during assembly. Therefore contributing elements of elastomeric 
friction as well as their external influences are analyzed in depth. Finally an outlook on a generalized prediction model of the force-path as a 
function of relevant factors is given. 
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1. Introduction 
O-ring type seals are used in most technical products as 
static or dynamic seals. The small cross section and the cost-
efficiency makes o-rings the most commonly used seal 
worldwide [1]. The importance of the o-ring type seal as a 
construction element is shown in extensive research work 
which covers almost all fields of a seal life cycle [2,3,4]. 
Surprisingly barely any research has been done on the 
assembly process of rigid parts with a radially fitted o-ring 
(e.g. seal of a pipe connection). Due to the material properties 
of elastomers (low modulus) and the rigid surfaces of the bore 
and the piston rod (high modulus) high stresses (through 
compression and friction) can occur during the assembly 
process. Therefore damage to the o-ring is likely to happen. 
Any irregularity of the seal in the gland can be the origin of 
leakage. Even small leakages can cause malfunction or total 
machine failure, damage to the environment and even lead to 
catastrophes like the challenger crash in 1986 [5,6]. Therefore 
it is utterly important being able to control the assembly 
process and thereby prevent any damages to the seal rings.  
An indicator for appearing contact stresses on the o-ring 
during the insertion process is the force-path of the piston rod. 
In this contribution the force-path of the assembly process is 
analyzed in depth. A link between elastomeric friction and 
characteristics of the force-path is established. Using design of 
experiments (DOE) contributing factors to the friction can be 
named and quantified. Knowing the influencing factors, their 
contribution to the force-path and their interdependencies a 
prediction model of the force-path can be developed. 
The objective and the necessity for this paper are specified 
in chapter 2. A full description of the researched system is 
given in chapter 3. For a full understanding of the causes of o-
ring failure a Fault-Tree-Analysis (FTA) is conducted in 
chapter 4. Based on the results of the FTA a DOE is 
constructed in chapter 5 with the aim of analyzing influencing 
factors of the assembly process. The experimental set-up is 
depicted in chapter 6. Finally the methodology for the 
development of a force-path prediction model for the o-ring 
assembly process is described in chapter 7. A conclusion and 
an outlook on further research are summarized in the final 
chapter 8. 
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2. Problem Description 
Barely any scientific work is known which tries to handle 
and control the challenges of the assembly process of rigid 
parts with a radial fitted o-ring. Vinarcik first published a 
paper in 2009 in order to determine optimal conditions for the 
design and assembly process of a fuel system through DOE 
[7]. The results show qualitatively that o-ring damage is 
caused up to 80 % by fixture problems of the piston hub to the 
bore. Vinarcik uses the average insertion force as an output 
and as an interpretable result of his experimental work. But no 
conclusions on the cause of force-path characteristics are 
given (e.g. elastomeric friction).  
Being able to control the assembly process requires 
detailed knowledge about the causes of damages to the seal-
ring. Considering the elastomeric material properties of o-
rings and their low modulus high stresses during the insertion 
motion are most likely to be the cause of damage. High 
stresses during the assembly process can be caused by design 
parameters (e.g. groove too small, chamfer missing etc.) or 
process parameters (e.g. high assembly speed, no usage of 
lubricant etc.). Even though most constructions follow the 
design guidelines of the standard DIN 3610 [8] or SAE [9], 
irregularities during the fabrication process of the bore or the 
piston hub can also lead to o-ring damage. 
Parameters of the assembly process also show great 
potential of optimization. Process parameters determine an 
important part of the resulting friction force of the o-ring 
sliding on the rigid surface of the bore. E.g. a rise of insertion 
speed increases the friction force due to the viscoelastic 
properties of rubber and its complex modulus as further 
explained in chapter 3.2 [6,10,11]. However empirically 
verified rules for the process design are barely existent. First 
attempts are given in [6,7,12]. 
The aim of this research is a full understanding of the 
influencing factors which can lead to damage of the o-ring 
and their contribution to the stress level of the o-ring material 
during the assembly process. Therefore a Fault-Tree-Analysis 
(FTA) is performed to determine all causes which can lead to 
damage of an o-ring. Based on the results of the FTA a d-
optimal DOE is constructed, taking relevant inter-
dependencies into account. The obtained information allows 
an evaluation of the impact of every single factor. The further 
analysis of characteristic points on the force-path diagram (in 
dependency of factor variations) is the foundation of the 
development of a prediction model. The constructed model is 
capable of calculating the theoretical force-path based on 
given parameters. The calculation of an optimal parameter 
setup is also possible (e.g. calculation of the optimal viscosity 
of the lubricant according to given parameters). This provides 
the possibility to develop an optimized sensitive automated 
assembly system helping to detect or even prevent o-ring 
damage during the assembly process.  
3. System description 
Considering the hardware of the assembly process, the 
system consists of a piston rod (metal) with a groove, the bore 
(metal) and an o-ring (elastomer). The process parameters 
consist of adjustable parameters (e.g. insertion speed) and 
noise (e.g temperature) as shown in Figure 1. The desired 
outcome of the assembly process is a leak-proof joint. 
Measurands are the leak rate in mounted position and the 
insertion force of the piston rod. The insertion force is 
dependent upon the factors named above. The force-path 
along the insertion process is characteristic for the 
predominating factors and is analyzed in detail in chapter 3.1.  
 
 
Figure 1: Black-Box model of o-ring assembly process 
3.1. Force-path analysis 
To reduce the risk of damage during the assembly process 
a basic understanding of the interactions between the o-ring 
and the surrounding surfaces is essential. Due to the low 
modulus of the o-ring material (elastomer) high stresses due 
to contact with the hard surface of the metal counterparts have 
to be avoided. Stresses on the o-ring result from two different 
and closely related interactions, namely: 
x deformation of the o-ring through the gland 
design and 
x elastomeric friction of the o-ring on a solid 
surface. 
According to different phases (Figure 2) of the assembly 
process one or both of the interactions named above are 
resulting in a force opposing the insertion direction.  
 
Figure 2: Phases of the force-path 
Phase 0 depicts the approach of the piston hub to the bore. 
No contact between the o-ring and bore is existent and 
therefore no externally opposing force is shown. In phase 1 
the o-ring comes into contact with the chamfer and 
experiences a constantly rising squeeze. From the moment of 
contact (at constant insertion speed) both interactions 
deformation and elastomeric friction come into effect. The 
noise 
e.g. temperature 
adjustable 
parameters 
e.g. lubrication 
measurement 
response 
 e.g. force-path 
 
Black-Box: 
Assembly process of an axial fitted o-ring 
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deformation of the o-ring through the chamfer results in an 
opposing force (specific normal force) due to the elastomeric 
characteristics of the o-ring. At the same time energy is 
dissipated at the deformation process due to the viscous 
properties of elastomers [13]. Both, the elastomeric and the 
viscous part of the opposing force, are a result of the complex 
modulus of elastomers (see chapter 3.2) [14,15] and result in a 
maximum force peak. Phase 1 is completed when the o-ring is 
about to pass the curvature at the end of the chamfer at the 
transition to the constant inner diameter of the bore. The 
fraction of the opposing force due to the specific normal force 
is eliminated when the o-ring is compressed to the final 
squeeze rate. Therefore only frictional forces are measured in 
phase 2. At this stage of the insertion process the force-path 
shows a constant horizontal (ideal conditions) or 
ascending/descending (due to deviation to ideal conditions) 
progress. The end of the whole assembly process is defined in 
phase 3 by a rapid rise in force due to metallic contact of the 
piston hub and the bore (not further investigated here). 
3.2. Elastomeric (o-ring) Friction 
Chapter 3.1 shows a phenomenological approach to the 
force-path of the assembly process. Friction of the o-ring 
causes a main part of the necessary insertion force. Yet to 
understand the laws of elastomeric friction and the coherent 
impact on the assembly system detailed knowledge of the 
material properties of elastomers is inevitable.  
The material properties of elastomers are of viscoelastic 
nature. Therefore the frictional performance of elastomeric o-
rings cannot be approached by simply applying the friction 
laws of Amonton or Coulomb. The causes of a frictional force 
when sliding rubber over a rigid surface are losses due to 
hysteresis and adhesion [14]. Both are closely related and 
cannot be distinguished exactly since both types of losses 
have their origin in the complex shear modulus [14]. The 
complex modulus ܧכ can be described as follows: 
 
ܧכ ൌ ܧᇱ ൅ ݅ܧԢԢ (1) 
 
where ܧԢ is called the storage modulus (real part) and ܧᇱᇱ the 
loss modulus (imaginary part). The storage modulus is a 
measure for the elastic energy stored reversibly in a specimen. 
The loss modulus is a measure for the energy dissipated due 
to deformation. Lindner derived the complex modulus from a 
linear standard solid (Maxwell form) [16]. Equation 1 can 
thereby be written as 
 
ܧכ ൌ ܧ௘ ൅ ா೘ఠ
మఛమ
ଵାఠమఛమ ൅ ݅
ா೘ఠఛ
ଵାఠమఛమ (2) 
  
with  
 
ܧᇱ ൌ ܧ௘ ൅ ா೘ఠ
మఛమ
ଵାఠమఛమ (3) 
 
ܧᇱᇱ ൌ  ா೘ఠఛଵାఠమఛమ (4) 
 
ܧ௠  describes the elastic modulus of the Maxwell unit. The 
excitation is defined by the angular frequency ߱. ߬ is a time 
factor describing the characteristics of the excited-state 
deactivation. ܧ௘  is the storage modulus which describes the 
plain elastic behavior of the model. 
By equation 2 the dependency of elastomers on the 
excitation frequency is shown. With this understanding of the 
material behavior of elastomers the frictional performance of 
elastomeric o-rings on solid surfaces can be explained. At the 
sliding motion small asperities of the solid surface deform the 
o-ring at the interface. By raising the sliding speed of the o-
ring the ratio of deformation and thereby the excitation 
frequency of the elastomer surface at the interface rises as 
well. This makes the frictional force of elastomeric o-rings 
dependent on the sliding speed [10,11]. 
Another important property of elastomeric materials is the 
time-temperature equivalence. The material state reached by a 
certain excitation frequency can also be reached by a 
characteristic temperature depending on the polymeric 
material. This equivalency is described by [17] and is 
quantitatively expressed by the WLF-Transformation 
equation. The temperature dependency of the frictional 
behavior of elastomeric o-rings will not be researched in this 
contribution since the basic conditions are set to a constant 
temperature when conducting the experiments. Furthermore is 
the sliding speed set to a range where frictional heating does 
not yet influence the tribological system [11]. 
4. Fault-Tree-Analysis (FTA) 
The purpose of a FTA is the identification of logic links of 
component or partial system failures which lead to an 
undesired state of the system. An undesired state of the 
system (top event of the fault tree) is considered a total failure 
of the investigated system [18]. The FTA is a graphic model 
of various parallel and sequential combinations that will result 
in the occurrence of the undesired state [19]. The partial 
failures are interconnected by Boolean algebra (“and”, “or” 
etc.). Applied to the case examined here the top event is 
leakage at the o-ring interface (see Figure 3). Leakage under 
operating conditions can be caused be three intermediate 
events. If the gland is designed in a way that the initial 
necessary compression of the o-ring cannot be applied, 
leakage will occur when pressurized under operating 
conditions or even in an unpressurized state. This is the case 
when e.g. the groove or the o-ring has a too small diameter. 
The initial contact pressure can also be insufficient if the o-
ring material is too soft. These faults are summed up under 
the intermediate event “Initial Compression not sufficient”. 
The second intermediate event is named “Mechanical damage 
of o-ring”. If an o-ring is damaged at the interface, full contact 
between the elastomer and the opposing surface cannot be 
assured. Leakage can be the consequence. The sealing 
element might be provided in a damaged state due to a 
manufacturing failure or improper transportation (not further 
developed in the FTA). The SAE standard AIR1707 describes 
commonly observed o-ring failures [20]. Next to causes due 
to wrong operational conditions “Installation Damage” is 
named. This includes damage due to extensive stretching of 
the o-ring at installation (not further developed in the FTA) or 
damage due to mechanical faults like a missing chamfer or 
sharp edges etc. Additionally to the causes named in [20] 
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process related causes, like an extensive insertion speed or 
missing lubrication, are named in the FTA. The third 
intermediate event is named “faulty operational conditions” 
and covers o-ring failures like heat aging, compression set etc. 
The o-ring failure is caused by an improper combination of o-
ring material and operational conditions or fluid. Latter 
intermediate event is not further developed since it is not 
relevant to this research. Therefore 15 faults (basic events) 
leading to immediate o-ring leakage are detected by the FTA. 
 
 
Figure 3: FTA of a leaking o-ring interface 
5. Design of Experiments 
The FTA qualitatively illustrates system parameters of the 
assembly process which can lead to leakage. Information 
about the magnitude and interdependencies of influencing 
factors are not available. Being able to detect abnormalities 
during the assembly process and to manipulate the result 
premises exact this knowledge. To take relevant factors into 
account, a wide range of experiments is conducted. Therefore 
a d-optimal plan was designed.  
5.1. Factors 
Based on the results of the FTA and screening experiments 
15 factors are considered in the plan. The factors (grouped by 
hardware and process) are listed below including a brief 
description (if not self-explanatory). 
Hardware factors (see Table 1) include all factors which 
are related to the o-ring, the piston or the bore. The “squeeze” 
is considered the percentage of deformation of the o-ring 
cross section due to the gland design. The “curvature at 
chamfer” describes the transition from chamfer to inner 
diameter of the bore. It can be designed with different radii. 
Table 1: Hardware Parameters 
Factor Unity Range 
O-Ring   
Inside diameter  mm 4,34-56,74 
Cross section  mm 1,78-3,53 
Material / FKM / EPDM 
Hardness ShoreA 60-90 
Squeeze % 15-25 
Bore   
Chamfer angle deg 15-25 
Curvature at chamfer mm 1-3 
Surface roughness μm Ra0,3/Rzmax3,2-
Ra3,2/Rzmax 12,5 
 
The process factors (see Table 2) include adjustable factors 
which influence the force-path diagram and are not of 
constructive nature. “Position deviation” considers the axial 
deviation of the piston relative to the center point of the bore. 
Analog the “Angle deviation” is the deviation of the 
coaxiality of the piston to the bore. The “Place of lubrication” 
states if the lubricant is applied to the bore or the o-ring on the 
piston. The factor “Coating” describes what kind of assembly 
aid coating the o-ring is applied with (e.g. 
Polytetrafluorethylene-PTFE). Three different coatings are 
tested as well as no coating. 
Table 2: Process parameters 
Factor Unity Range 
Insertion speed  mm/s 1-10 
Position deviation  mm 0-0,2 
Angle deviation deg 0-1 
Insertion distance mm 2-10 
Viscosity of lubricant mm²/s None / 62-4.000 
Place of lubrication  Bore / Piston 
Coating  None / 3 types 
 
The factor levels are chosen in a way to cover a wide and 
reasonable range. Especially the hardware factors are 
referenced to ranges stated in standards like DIN ISO 3610 
[8]. 
5.2. Construction of the plan 
The aim of the experiments is to understand the influence 
of the single factors and their interdependencies on the 
insertion force. The insertion force has to be applied to 
overcome the deformation and the resulting friction forces 
between the sliding o-ring and the surface of the bore. The 
higher the forces the higher is the risk of damaging the o-ring. 
Unusually small forces can be an indicator for an insufficient 
initial squeeze due to faulty construction, machining or wrong 
components. The aim is to detect all faults (basic events) of 
the FTA by analyzing the force-path. Therefore the response 
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of the plan is chosen to be the force-path of the inserted 
piston. Figure 4 shows the effect of different factor variations 
on the force-path. 
 
Figure 4: Effect of factor variations on the force-path 
Concluding that damage to the o-ring could lead to 
leakage, a leak-test is performed at the mounted position. The 
resulting leak rate is also used as a response of the system. 
A total of 424 different setups are conducted. 54 different 
basic o-ring types are used. Applied with three different 
coatings a total of 157 o-ring variations are tested. The 
hardware factors result in 186 different bore pieces and 27 
pistons. Every setup is repeated once. A new o-ring is used for 
every turn to ensure maximum interpretability of the received 
data. The total extent of the plan includes 848 single 
experiments. 
As stated before, two main responses are retrieved for 
every single experiment. The main response of the DOE is the 
force-path diagram which is stored for every single of the 848 
conducted experiments. The second response is the leak rate 
of the o-ring interface at final position.  
6. Experimental 
To conduct all 424 different settings a highly flexible test 
set-up was constructed. An electromechanical press (4) was 
chosen to perform the insertion move of the piston into the 
bore (Figure 5). The press is equipped with resistance strain 
gauges to measure the necessary insertion force. The system 
allows a measurement accuracy of less than 1 % of the 
nominal load. The measurement of the path is realized by a 
resolver on the AC-motor (5) of the drive. The measured data 
is transmitted through an amplifier to a measuring computer 
where the data is stored. The maximum force of the press can 
be adjusted to 5 kN. The insertion speed can be varied from 
0,01 mm/s to 240 mm/s. The press is fastened to a rotary plate 
(3) enabling the setup to adjust a defined angle deviation. The 
different pistons-specimens can be attached on the top of the 
shaft (2) of the press which moves towards a fixed plate (1) 
where the different bore-specimen can be fastened. An 
intended position deviation can be realized by an axial 
displacement of the whole plate with the fastened bore-
specimen. The variation of the insertion speed and insertion 
distance is realized through adjustment of the control program 
of the press. The different lubricants are applied with a pipette 
on the o-ring or inside the bore. The measurement of the 
leakage rate is conducted by a common leak-test instrument. 
The leakage is measured for 20 seconds at a testing pressure 
of 1,5 bar. With elapsing time at rest the o-ring adjusts to the 
micro asperities of the rigid surface due to viscous flow of the 
elastomer. Therefore the measurement is conducted right after 
the end of the assembly process, allowing to detect even 
minor leakage canals and damage to the o-ring. 
 
Figure 5: Test set-up 
7. Approach for a force-path prediction model 
For a complete analysis of all test runs, the amount of 
analyzed points is set to 23 characteristic points (points of 
interest - POI). The force-path can be described entirely by 
these chosen points (Figure 6). 
 
Figure 6: Interpolated force-path in comparison to measured values 
The obtained data is analyzed by statistical software. 848 
measured values are available for each point of interest. The 
software is capable of linking the defined change of 
parameters (input) and also the interdependencies through 
regression methods to the magnitude of the effect (outcome). 
Regression models are quantitative models for command 
variables as a function of input variables [21]. These complex 
correlations can be described quantitatively by a 2nd degree 
polynomial using multiple, nonlinear regression. For every of 
the 23 defined points a polynomial is developed capable of 
calculating the theoretical magnitude of force at given 
parameters. These 23 discrete values are interconnected by 
splines (Piecewise Cubic Hermite Interpolating Polynomial 
PCHIP). In that way a theoretical force-path can be developed 
Fixation for 
bore specimen (1) 
Fixation for 
piston hub specimen (2) 
Rotary plate (3) 
Electromechanical press (4) 
AC motor (5) 
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for every set of parameters (in the given range of the 
parameters in Table 1 and Table 2). 
For given hardware it is now possible to calculate ideal 
process parameters (and vice versa) which result in a minimal 
insertion force and thereby in minimal stress on the o-ring. 
The calculated theoretical force-path depicts a desired state of 
the factor settings (all factors are measured and finely 
adjusted). If the measured force-path of a real assembly 
process does not fit the calculated force-path within a defined 
range it is likely, that one or more of the hardware or process 
parameters deviates from the determined state. Using this 
information enables automatic assembly systems to prevent 
overstraining or damage of the o-ring material due to 
irregularities of the process or the hardware. Figure 7 shows 
the concept of comparing the actual force-path with the 
calculated data and the detection of a violation of defined 
force limits. 
 
Figure 7: Comparison of a force-path which fits the calculated POI (left) and 
one that violates the defined tolerance limits (right) 
8. Conclusion and Outlook 
The assembly of radially fitted o-rings was analyzed in this 
paper. The force-path was identified as a significant and 
measurable indicator for occurrences during the assembly 
process. Four phases of the force-path of the insertion move 
were introduced and the corresponding interactions at the 
contact interface between o-ring and bore were identified. It 
was stated that high stresses at the assembly process can 
easily lead to damage and thereby to leakage. Through a FTA 
causes of leakage at the o-ring interface were derived. Based 
on these results an extensive d-optimal DOE was developed. 
All relevant factors are tested over a broad range of levels. 
The results are analyzed and polynomials for 23 characteristic 
points of the force-path are developed. The polynomials can 
calculate the theoretical value of force at the desired point in 
the range of the DOE. These 23 characteristic points can 
describe the force-path entirely though linear connections and 
splines. 
Being able to calculate a target state force-path for given 
parameters of the o-ring assembly process enables a 
comparison to the actual state. Any deviation (e.g. chamfer or 
lubrication missing) can be detected during the assembly 
process. Therefore characteristic force-path details will be 
identified according to parameter variations. The definition of 
tolerance limits is necessary. On the basis of this information 
it is possible to control the assembly process and to prevent o-
ring damage e.g. through instant interruption of the insertion 
if the measured force-path exceeds defined tolerance limits. In 
this manner extensive reworking due to leakage can be 
reduced to a minimum. 
To verify the obtained data, a prototypic assembly cell will 
be set up. Therefore the results of the DOE and the developed 
polynomials have to be integrated to a control system. 
Depending on the expected insertion force a light weight 
robot with integrated force sensing systems or a regular 
industry robot with an external force sensor will be used as a 
manipulator enabling a live comparison of the target and 
actual force-path. At detection of a deviation of the target 
force-path the system can stop the assembly process and 
release a warning. 
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